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     The purpose of this study was to examine the development rates of hemlock woolly 
adelgid (HWA) infestations on sites containing primarily eastern hemlock, sites that 
contained predominantly Carolina hemlock, and sites where the two species occurred 
together, and to quantify the relationship between HWA density and canopy thinning in 
hemlocks. The study was conducted at 11 sites in DuPont State Forest near Brevard, NC, 
one site in nearby Caesar’s Head State Park, Cleveland, SC, and one site near Whiteside 
Mountain, near Highlands, NC.  In the second year of the study, one of the three Carolina 
hemlock sites was treated with insecticidal soap by DuPont State Forest employees and 
another Carolina hemlock site had all site flagging removed by unknown persons, leaving 
only one site for analyses.  At all sites consisting mainly of either eastern or Carolina 
hemlock, five trees were monitored, while in all mixed species sites five trees of each 
species were monitored.  HWA density was recorded on two 2 cm segments chosen at 
random on each of four branches per tree, with one branch selected from each cardinal 
direction.  These data were used to calculate mean HWA densities per tree and per site.   
Density measurements were recorded monthly from March through June 2007 and 2008.  
Canopy density was measured by recording the amount of light reaching the forest floor 
beneath each tree in the study as μmol m-² s-¹.  One average light penetration reading was 
recorded annually for each tree in the study in 2006, 2007, and 2008.  There were no 
significant differences in the average number of HWA found on either eastern hemlock 
or Carolina hemlock at any site in either 2007 or 2008.  The four site groupings used for 
analysis were eastern hemlocks in eastern hemlock sites, Carolina hemlocks in Carolina 
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hemlock sites, and both species at mixed hemlock sites.  Three out of four site groupings 
had significantly lower HWA densities in 2008 compared to 2007.   Except for the 
predominantly eastern hemlock site in 2008, there were no significant differences in light 
penetration data for Carolina hemlock or eastern hemlock at any site from 2006 through 
2008. HWA infestations were significantly lower in 2008 than 2007 in three out of four 
site groupings. From 2006 to 2008, light transmission was only significantly different on 
the sites consisting of eastern hemlock, with significantly higher light readings in 2008 
than either 2006 or 2007. Based on the lack of significant differences in HWA density on 
eastern hemlock and Carolina hemlock and in the amount of light transmitted through the 
canopy, this study suggests that eastern hemlock and Carolina hemlock are equally 
vulnerable to HWA infestation.             
     Soil drench applications of imidacloprid and dinotefuran were compared to bark spray 
applications of imidacloprid and dinotefuran in a tank mix with the bark penetrating 
surfactant PENTRA-BARK® for control of HWA.  Each treatment was applied to five 
trees on October 12, 2007.  Branch samples were taken in October (before treatment), 
November 2007 (26 days post treatment), December 2007 (51 days post treatment), and 
May 2008 (176 days post treatment) to determine both HWA mortality and insecticide 
concentration within each tree.  In November, there were no significant differences in 
mean HWA morality among treatments. However, in December and May both 
dinotefuran treatments had significantly higher HWA mortality than the control.  There 
was no significant difference in HWA mortality between the soil drench and bark spray 
applications for either insecticide.  Results of insecticide concentration analyses were 
 iv 
inconsistent, possibly due to matrix effects, the binding of the active ingredient to other 
analytes in the sample, making recoveries difficult, or the sensitivity of the analytical 
method used.  Imidacloprid concentrations in both application methods varied widely 
among post treatment dates, while dinotefuran was often undetected.  The difficulties in 
recovering both compounds from hemlock foliage did not allow for a conclusive 
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     The hemlock woolly adelgid (HWA) (Adelges tsugae Annand) (Hemiptera: 
Sternorrhyncha: Adelgidae) is an insect native to Asia that was discovered in Virginia in 
the early 1950s.  Since its introduction, HWA has spread to 17 states in the eastern U.S., 
with widespread hemlock mortality reported in Virginia, Pennsylvania, Connecticut, and 
New Jersey. HWA infestation has been spreading at an average rate of 12.5 km per year 
since 1990, with rates as high as 15.6 km per year in the southern portion of its range.  It 
is a threat to both Tsuga canadensis L. (eastern hemlock) and Tsuga caroliniana Engelm 
(Carolina hemlock) throughout their ranges in the United States.  Hemlocks fill several 
important roles in the ecosystems that they occupy, including providing habitat for 
wildlife and influencing nutrient cycling, soil moisture, water discharge into streams, and 
streamflow oscillations.  In addition, hardwood tree species will likely replace hemlocks 
in these habitats, lowering invertebrate diversity, and leading to changes in the trophic 
structure of fish and invertebrate communities.  
     This dissertation consists of two separate studies focused on different aspects of the 
HWA.  The first study examined the infestation characteristics and canopy health of 
HWA on both eastern hemlock and Carolina hemlock, to determine if these species differ 
in the way HWA infestations develop.  HWA infestations and canopy health of selected 
hemlocks were monitored at sites containing only eastern hemlock, sites containing 
mainly Carolina hemlock, and sites where both eastern and Carolina hemlock were 
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mixed.  Sites were established in 2006 and monitored monthly from March through June 
in both 2007 and 2008.   
The second study compared the effectiveness of two different pesticides applied in two 
different application methods for control of HWA.  The application methods tested were 
an imidacloprid soil drench, dinotefuran soil drench, imidacloprid bark spray with 
PENTRA-BARK®, dinotefuran bark spray with PENTRA-BARK®, and an untreated 
control.  Branch samples were collected at 26, 51, and 176 days post treatment and both 





Adelgid Biology and Ecology: 
     Adelgidae are members of the superfamily Aphidoidea, containing less than 70 
described species, and feeding solely on genera in the Pinaceae.  Adelgids are either 
cyclically parthenogenic having a holocyclic life cycle which includes a sexual 
generation, or are anholocyclic, which are completely asexual  (Havill and Foottit 2007).  
An adelgid holocycle consists of five generations, and takes two years to complete.  
Three generations are produced on primary hosts that are in the genus Picea (spruce), 
with the remaining two generations occurring on a secondary host within the genera 
Abies (fir), Larix (larch), Pseudotsuga (douglas-fir), Tsuga (hemlock), or Pinus (pine).  
Adelgids have strict host requirements, with each species surviving only on a single 
primary and secondary host genus combination.  Of the 19 known holocyclic adelgids, 
one is specific to Pseudotsuga, six to Abies, six to Larix, one to Tsuga, and five to Pinus.  
The holocycle commences with winged individuals, termed sexuparae, arrive on a 
suitable primary host, oviposit, and die.  The resulting eggs hatch and develop into the 
sexual generation, termed sexualis.  Sexuales individuals mate and lay one large egg, 
called a fundatrix, which hatches and migrates to a bud, where it overwinters.  Upon 
emerging in the spring, feeding by the fundatrix causes the bud to form a gall, where the 
insect matures and lays eggs that will become the gallicolae generation.  The gallicolae 
develop within these galls until mid-summer, when they emerge and molt into winged 
adults.  Winged adults migrate to a secondary host where they lay eggs that become the 
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exulis generation, which has two types, sistens and progrediens.  Sistens enter diapause 
upon hatching, while progrediens proceed through subsequent instars without diapause.  
The sistens produce sexuales offspring that migrate back to a primary spruce host, 
initiating a new holocycle. (Havill and Foottit 2007)  
     The adelgid anholocycle consists of a series of parthenogenic generations that do not 
host alternate, either existing solely on a primary Picea host or on a secondary host in the 
genera Abies, Larix, Pseudotsuga, Tsuga, or Pinus.  Eight described adelgid species are 
known to be anholocyclic on Picea, and 23 species are anholocyclic on secondary hosts.  
Of the known species of adelgids that are anholocyclic on secondary hosts, there is one 
described species from Pseudotsuga, seven from Abies, five from Larix, and 10 from 
Pinus.  When on a primary Picea host, the adelgid anholocycle lasts one year and is made 
up of one generation of fundatrices, which is followed by a generation of gallicolae.  
When on a secondary host, the adelgid anholocyclic life cycle consists of two to six 
exulis generations each year, with the climate, adelgid species, and host health 
determining the number of generations produced (Havill and Foottit 2007). 
Hemlock Woolly Adelgid Biology and Ecology:      
Hemlock wooly adelgid (HWA) (Adelges tsugae Annand) (Hemiptera: Sternorrhyncha: 
Adelgidae) is likely a native of Japan, where it occurs on two hemlock species, Tsuga 
diversifolia Masters and Tsuga sieboldii Carriere (McClure et al. 2001).  The two spruce 
species on which it occurs in Asia are most likely Picea jezoensis Sieb. and Zucc and 
Picea polita Carriere (McClure et al. 2001). While HWA is holocyclic in its native 
environment in Asia, it exhibits an anholocyclic life cycle through its range in North 
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America (Havill and Foottit 2007).  While the HWA in the eastern United States is an 
introduced species, it is likely that the HWA in the western United States is likely 
endemic to the region (Havill et al. 2006).  The North American life cycle of the insect 
consists of generations of winged sexuparae, nonwinged progrediens, and sistens 
developing annually (McClure 1987, 1989, McClure et al. 2001).  Sisten are the HWA 
generation that is oviposited by progrediens around June, emerge in July, and begin 
aestivation as first instar nymphs until October (McClure et al. 2001).  The sistens 
emerge from aestivation in October, become fully mature around February, and oviposit 
nonwinged progrediens and winged sexuparae from approximately May to June 
(McClure et al. 2001).  The winged sexuparae leave hemlock in search of a spruce host, 
and the nonwinged progrediens oviposit the sisten generation that begins aestivation and 
reinitiates the HWA life cycle on hemlock (McClure et al. 2001).  Since there are no 
known suitable spruce species on which winged sexuparae can develop in North 
America, these individuals die after dispersing from the original host tree.   
     The HWA life cycle described above is probably more typical of the northeastern 
United States, and will possibly be accelerated in the southeastern United States.  In the 
southern Appalachians, the sisten generations may develop more quickly than in the 
northeastern United States, with sisten adults maturing by early January instead of 
February (Gray and Salom 1996).  First instar HWA nymphs are referred to as crawlers 
and are the only mobile stage of the HWA, besides winged sexuparae adults.  Crawlers 
attach to the base of hemlock needles, where they insert their stylet bundles into the 
tissues of the plant (McClure 1987; Young et al. 1995; McClure et al. 2001).  The stylet 
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bundles first pierce the plant cells and travel through them, until they reach the vascular 
tissue of the xylem, where they pass between cells.  This continues until the stylet bundle 
has reached the parenchyma cells of the xylem, on which the HWA feeds (McClure 1987, 
Young et al. 1995; McClure et al. 2001).  Once feeding is begun, saliva forms a hard 
sheath around the stylet bundle, which remains in the plant tissue when the stylet bundle 
is retracted and shed during molting (McClure 1987; Young et al. 1995; McClure et al. 
2001).  The stylet bundle is then reinserted into the general feeding site of the adelgid.  
By feeding on the parenchyma cells in the xylem, the adelgid disrupts the storage and 
transfer of nutrients in the plant (McClure 1987; Young et al. 1995; McClure et al. 2001).  
Infested branches suffer needle loss and bud death, and the entire tree may die in as little 
as 4 years (McClure 1987; Young et al. 1995; McClure et al. 2001; Orwig et al. 2002).  
Dieback begins on the lowest limbs and progresses toward the top of the tree (McClure 
2001).  Wargo and Fagan (2000) reported that the pathogen Armillaria spp. was found to 
colonize hemlocks that had suffered heavy decline (i.e., retaining < 50% of their crowns) 
due to HWA, further contributing to tree death.  In the northeastern United States, some 
hemlock stands are also infested with the elongate hemlock scale (Fiorinia externa 
Ferris) (Hemiptera), an introduced insect established in 14 states in the eastern United 
States (Johnson and Lyon 1988; Danoff-Burg and Bird 2000; Lambdin et al. 2005).  
Feeding by the HWA may allow F. externa to reach damaging levels in hemlock stands, 
thus hastening the decline of already weakened trees (Danoff-Burg and Bird 2000).    
      Although HWA was first reported in the Pacific Northwest (Annand 1924) it has not 
caused any significant damage to either of the two native western hemlock species, Tsuga 
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mertensiana Bong., or Tsuga heterophylla Raf. and Sarg., both of which have shown 
resistance to the insect (McClure et al. 2001).  HWA was first reported in the eastern 
United States in Richmond, VA in the early 1950s (Gouger 1971; Souto 1996).  The 
HWA that was introduced to North America is believed to be from a population 
occurring mostly on T. sieboldii at low elevations in southern Japan (Havill et al. 2006).  
Since its introduction, HWA has spread to 17 states in the eastern U.S., with widespread 
hemlock mortality reported in Virginia, Pennsylvania, Connecticut, and New Jersey 
(Appendix A) (Knauer et al. 2002, Orwig and Foster 1998, Skinner et al. 2003; USDA 
Forest Service 2007).   The HWA infestation has been spreading at an average rate of 
12.5 km per year since 1990, with rates as high as 15.6 km per year in the southern 
portion of its range (Evans and Gregoire 2007).  It is a threat to both Tsuga canadensis L. 
(eastern hemlock) and Tsuga caroliniana Engelm (Carolina hemlock) throughout their 
ranges in the United States.  HWA is either wind or phoretically dispersed with birds, 
deer, humans, and other vertebrates serving as potential dispersal agents (McClure 1990).     
Hemlock Traits:      
Carolina hemlock: 
     Carolina hemlock distribution is limited to the southern Appalachian Mountains, from 
southwestern Virginia, south into western North Carolina, northwestern South Carolina, 
eastern Tennessee, and northeastern Georgia (Appendix A), (Little 1975; Coladonato 
1993).  Carolina hemlock typically occurs in regions with cool humid climates, where the 
average frost-free period is 200 days, with a minimum of 175 days (Burns and Barbara 
1990; USDA Natural Resources Conservation Service).   
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Stands consisting primarily of Carolina hemlock develop microclimates, due to heavy 
shading produced by their dense canopies, deep litter layers, and high moisture retention  
(Burns and Barbara 1990).  Carolina hemlock commonly occurs on cliffs, rocky slopes 
and ridges, at elevations greater than 914 meters (Humphrey 1989; Coladonato 1993).  
The soils where Carolina hemlock and eastern hemlock commonly occur are shallow 
Lithic dystochrepts; coarse loamy, mesic soils, with cobbles and stones taking up 25-35% 
of the soil (Humphrey 1989).  As with eastern hemlock habitats, most soils of Carolina 
hemlock habitats are highly acidic (ph 4.2-5.9), exhibiting increasing podzolization and 
leaching as the stands age, due to a heavy, slowly decomposing duff layer (Coladonato 
1993; USDA Natural Resources Conservation Service, www.plants.usda.gov).   
     Carolina hemlock is associated with the following Society of American Foresters 
(SAF) cover types:  chestnut oak (Type 44), yellow poplar / eastern hemlock (Type 55), 
yellow poplar / white oak / northern red oak (Type 59), Virginia pine / oak (Type 78), 
and sweet gum / yellow poplar (Type 87).  Other associates Carolina silverbell (Halesia 
caroliniana L.), American holly (Ilex opaca Aiton), Catawabi rhododendron 
(Rhododendron catawbiense Michx.), mountain laurel (Kalmia latifolia L.), and oaks 
(Quercus spp.) (Coladonato 1993).    
     Flowering in Carolina hemlock is monoecious, with flowers occurring in separate 
clusters on the same branch (Burns and Barbara 1990).  Flowering and pollination occur 
from March through April (Coladonato 1993, Ruth 1974).  Pollen is usually wind 
dispersed starting 2 weeks after leaf buds burst (Coladonato 1993).  Fertilization takes 
around 6 weeks to complete (Burns and Barbara 1990). Cones reach maturity from late 
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August to late September, and seed dispersal continues through winter (Coladonato 
1993).  Carolina hemlock cones will remain on the tree well into the second year, and 
large crops are frequent (Ruth 1974). The cones of Carolina hemlock are 1.5 to 2.5 cm 
long, and oblong in shape (Humphrey 1989).  Carolina hemlocks do not reach maximum 
seed production until reaching 25 to 30 years of age (Coladonato 1993).  Carolina 
hemlock seed is wind dispersed, and is the largest seed of all native North American 
hemlocks (Ruth 1974).  Similar to eastern hemlock, Carolina hemlock does not reproduce 
by sprouting, and rarely layers (Coladonato 1993, Burns and Barbara 1990).  Both 
hemlock species can be propagated by bare root or seed, and vegetative propagation by 
cutting and grafting is possible (Little 1975; Coladonato 1993).   
     Mature Carolina hemlocks range from 12 to 21 m tall, and 20 to 30 cm dbh  (Ruth 
1974; Coladonato 1993). Carolina hemlocks are slow growing trees (Humphrey 1989; 
Burns and Barbara 1990).  Based on linear regressions presented in Humphrey (1989) for 
three Carolina hemlock stands in northwestern North Carolina, the average time for a tree 
to reach 10 cm dbh was 64.66 yr.  Based on Humphrey’s (1989) data, it would take an 
eastern hemlock 40 yr to reach 10 cm dbh.  Since Carolina hemlock and eastern hemlock 
typically occur on different sites, the differences between growth rates may be due to 
habitat differences (Humphrey 1989).  Site conditions likely determine the rooting habits 
of Carolina hemlock, with shallow root systems occuring at sites with watertables near 
the surface, and deeper root systems occuring on sites with better drainage (Burns and 
Barbara 1990).   
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     Carolina hemlock is a late successional, climax species having high shade tolerance, 
and a long life span (Humphrey 1989; Coladonato 1993). Carolina hemlock seedlings and 
saplings can grow in shaded conditions that many other species cannot tolerate, and once 
established, Carolina hemlock suppresses most other species (Humphrey 1989; 
Coladonato 1993).  The establishment of young Carolina hemlock trees under dense 
thickets of rhododendron and mountain laurel has been reported, and the high stress 
tolerance of Carolina hemlock enables it to occupy habitats where early successional 
species are unable to become established, such as bluffs and rocky ridges (Humphrey 
1989).        
     Damaging agents for Carolina hemlock include Armillaria mellea Kummer root rot, 
Heterobasidion annosum Bref. root and butt rot, Phellinus pini Thore trunk rot, and 
Phellinus robustus P. Karst heart rot (Burns and Barbara 1990).  The hemlock woolly 
adelgid is a very serious pest of native Carolina hemlocks in the eastern United States and 
threatens to drive the species to extinction.  Other insect pests associated with these 
hemlocks include the elongated hemlock scale (Fiorinia externa Ferris), hemlock scale 
(Nuculaspis tsugae), hemlock borer (Melanophila fulvoguttata Harris), spruce budworm 
(Choristoneura fumiferana Clemens), and hemlock looper (Lambdina fiscellaria Guenne) 
(Johnson and Lyon 1988; Burns and Barbara 1990).   
     Carolina hemlock has low fire tolerance, no salinity tolerance, and shallow root 
systems that make them more susceptible to windthrow as stands age (Burns and Barbara 
1990; USDA Natural Resources Conservation Service).  Carolina hemlock is of little 
commercial value, due to mediocre wood quality and the limited range of the species 
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(Coladonato 1993).   However, this species is highly suitable for ornamental plantings, 
and some commercially available cultivars have been developed (Ruth 1974; Coladonato 
1993).   
     Carolina hemlock seeds are eaten by a variety of birds and mammals, and white tailed 
deer sometimes browses the foliage in winter.  Beaver, porcupine, and rabbits also have 
been reported to eat the bark (Coladonato 1993).  
     Through controlled pollinations between Carolina hemlock and Chinese hemlock (T. 
chinensis Franch.), 59 authentic hybrids have been produced (Bentz et al. 2002).   The 
lack of hybridization between Carolina hemlock and two Asian hemlock species (T. 
diversifolia Maxim. and T. sieboldii Carriere) was possibly due to complications in 
accessing suitable trees and the unavailability of fresh pollen for the second year of the 
experiment (Bentz et al. 2002).  The results of this study, in addition to a phylogenetic 
analysis done by Vining (1999) suggest that Carolina hemlock may be more closely 
related to Asian hemlock species than to eastern hemlock (Bentz et al. 2002). 
Eastern hemlock: 
     The native range of eastern hemlock in the United States is north to New England, 
east to central New Jersey and the Appalachian Mountains, and south to northern Georgia 
and Alabama (Appendix B) (Burns and Barbara 1990).  It is typically limited to regions 
with cool humid climates and moist to very moist soils with good drainage.  The southern 
Appalachians are considered a productive region for this species, with annual 
precipitation exceeding 1520 mm, and 200 frost-free days (Burns and Barbara 1990).  In 
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this region, eastern hemlocks often occur at elevations from 610 to 1520 m, on north and 
east slopes, and in both coves and cool moist valleys. 
     Eastern hemlock is commonly associated with the following SAF cover types: white 
pine / hemlock (Type 22), eastern hemlock (Type 23), hemlock / yellow birch (Type 24),  
yellow / poplar-eastern hemlock (Type 58), northern red oak / white pine / red maple 
(Type 20), eastern white pine (Type 21), red spruce / yellow birch (Type 30), red spruce / 
sugar maple / beech (Type 31), red spruce (Type 32), red spruce / balsam fir (Type 33), 
red spruce (Type 32), and red spruce / fraser fir (Type 34) (Burns and Barbara 1990).   
     Eastern hemlock flowers are monoecious, occurring in separate clusters on the same 
branch.  Flowering and pollination times range from late April to early June, and 
fertilization takes about 6 weeks.  Pollen and seeds are wind dispersed, with seed 
dispersal occurring from mid-October through winter.  Cones begin opening in mid-
October, and can persist on the tree for a little over a year.  Cone production of eastern 
hemlock is among the highest for conifers in the eastern United States, and trees over 450 
years old have been reported to produce cones.  Seed viability is usually low with 
germination rates of < 25%.  Desiccation can easily damage eastern hemlock seed, and 
post germination drying causes high levels of root mortality.  Drought is likely the most 
severe damaging agent for eastern hemlock.  Seedlings develop slowly for about the first 
2 years, until their roots reach a soil depth where they are not as susceptible to surface 
soil desiccation. In a typical eastern hemlock stand, over-story trees average 400 years in 
age, are 89 to 102 cm dbh, and over 30 m tall.  Eastern hemlock is the most shade tolerant 
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tree species in North America, and is capable of withstanding suppression from overstory 
trees for 400 years (Burns and Barbara 1990). 
     Although the commercial demand for eastern hemlock lumber is low, the tree has high 
recreational value for individuals who enjoy hiking and camping under the dense 
hemlock canopies, and this species is commonly planted as an ornamental.  White-tailed 
deer (Odocoileus virginianus Zimmermann), snowshoe hares (Lepus americanus 
Erxleben), and cottontails (Sylvilagus spp.) will all browse eastern hemlock.  Mice, voles, 
squirrels, and other rodents feed on the seeds and seedlings, and porcupines will 
occasionally chew on the bark.  (Burns and Barbara 1990)    
Hemlock ecology: 
Hemlocks provide habitat for numerous wildlife species, and have a powerful influence 
on nutrient cycling (Jenkins et al. 1999; Yorks et al. 2000; McClure et al. 2001). 
Research has indicated that HWA related hemlock mortality will probably result in 
accelerated nitrogen mineralization and nitrification rates, as well as higher leaching rates 
of cations and nitrates into soil water (Jenkins et al. 1999; Yorks et al. 2000).  In southern 
Appalachian ecosystems, eastern hemlocks have highest transpiration rates in the spring, 
with lower, stable rates throughout the remainder of the year.  It is unlikely that another 
native tree species will be able to similarly occupy this ecohydrological niche if hemlock 
is removed from this ecosystem.  Loss of hemlock would lead to dramatic changes in soil 
moisture, discharge, and higher streamflow oscillations (Ford and Vose 2007). HWA 
related mortality would also have a drastic effect on the composition of habitats currently 
dominated by hemlock throughout the eastern U.S.  In the northeastern U.S., sweet birch 
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(Betula lenta L.), American beech (Fagus grandifolia Ehrh), and river birch (Betula 
nigra L.) have replaced hemlocks as the late successional species where HWA induced 
mortality has occurred (Orwig et al. 1998; Jenkins et al. 2000; Kizlinkski et al. 2002). 
The replacement of hemlock by hardwood species will likely lower invertebrate diversity 
in stream habitats, altering the trophic structure of fish and invertebrate communities, and 
change nitrogen and other nutrient fluxes from the canopy to the forest floor (Snyder et 
al. 2005; Stadler et al. 2006).  A study conducted in the Delaware Water Gap National 
Recreation Area found that brook trout (Salvelinus fontinalis Mitchill) were three times 
more likely to occur, and were four times more abundant, in streams draining hemlock 
forests than those draining hardwood forests (Snyder et al. 2005). 
     Montgomery et al. (2005) compared the resistance to HWA of seven hemlock species 
growing in an arboretum in the northeastern United States.  The researchers artificially 
infested the trees with HWA ovisacs and counted the number of progrediens and sistens 
that developed.  The most resistant species to HWA was Chinese hemlock (Tsugae 
chinensis Franch), followed by northern Japanese hemlock (T. diversifolia Maxim.), 
mountain hemlock (T. mertensiana Bong.), southern Japanese hemlock (T. sieboldii 
Carriere), western hemlock (T. heterophylla Raf.), eastern hemlock, and Carolina 
hemlock (Montgomery et al. 2005).           
Chemical control: 
Chemical controls proven effective for HWA management include horticultural oils, 
insecticidal soaps, malathion, diazinon, fluvalanate, and imidacloprid (McClure 1992; 
1995; Rhea 1996; Wallace and Hain 2000).  Imidacloprid, one of the two insecticides 
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used in this research, was the first commercially available compound in the neonicotinoid 
class, and is one of the most widely used insecticides in the world (Silcox 2002).  
Imidacloprid binds to nicotinergic acetylcholine receptors in the postsynaptic region of 
insect neurons.  This interferes with normal nerve impulse transmission and leads to 
uncontrolled muscle reflexes that can cause insect mortality (Tharp et al. 2000; Silcox 
2002).  It is effective against a wide variety of insects, including aphids, leafhoppers, 
planthoppers, thrips, whiteflies, as well as some coleopterans, dipterans, and 
lepidopterans (Elbert et al. 1990).  Imidacloprid can be used as either a foliar spray, or as 
a systemic applied as either bark sprays, soil treatments, or trunk injections.  For HWA, 
foliar imidacloprid application is the most rapidly acting treatment method, exhibiting 
over 98% control.  However, the potential for stream contamination make it an unsuitable 
application method for HWA management in forest settings due to the streamside 
habitats where hemlock occurs (Silcox 2002; Cowles et al. 2006).  The systemic activity 
of imidacloprid also allows it to be applied as a soil or trunk treatment followed by 
translocation throughout the tree, minimizing exposure to nontarget organisms (Cowles et 
al. 2005, 2006).  The LC50 of imidacloprid for HWA was estimated to be 300 ppb, and its 
95% confidence limit was 150-600 ppb (Cowles et al. 2006).       
      Cowles et al. (2005, 2006) assessed several soil and trunk injections application 
methods of imidacloprid for control of HWA, including: soil injection near the base of 
the trunk, soil injection beneath the tree canopy, soil drench near the base of the trunk, 
and trunk injections using Arborjet (Arborjet Inc., Woburn, MA), Wedgle 
(Arborsystems, Omaha, NE), and Mauget (Mauget, Arcadia, CA) systems.  All trunk 
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injection methods of imidacloprid application proved ineffective at reducing HWA 
populations, while both soil applications provided at least 2 years of effective HWA 
control.    
     Steward and Horner (1993) reported over 99% HWA control at 5 months post 
application using soil injections, and a separate study by Steward (1998) examining soil 
injection reported over 98% HWA control at 1-year post application.  Webb et al. (2003) 
reported that soil applications were effective in controlling HWA.  In addition, they 
reported both HWA reductions and tree recovery for different hemlock trees in various 
stages of health.  Their data indicated that hemlocks with significant dieback and needle 
loss were still able to uptake and transport imidacloprid to the canopy.  At day 816, all 
imidacloprid treated trees were rated as being in good condition, but untreated trees 
continued to exhibit dieback and needle loss (Webb et al. 2003).     
     Dinotefuran is an insecticide that is listed for control of HWA (Valent U.S.A. 
Corporation, www.valent.com).  It belongs in the neonicotinoid insecticide class just as 
imidacloprid, and has a similar mode of action (Corbel et al. 2004).  Dinotefuran is highly 
water soluble, facilitating its uptake and distribution through plants when used as a soil 
drench (Cowles et al. 2006, Valent U.S.A. Corporation, www.valent.com).  In addition to 
HWA, it is effective against aphids, black vine weevil (Otiorhynchus sulcatus Fabricius), 
fungus gnat larvae, glassy-winged sharpshooter (Homalodisca coagulata Say), lacebugs, 
mealybugs, both armored and soft scales, serpentine leafminer (Liriomyza trifolii 
Burgess), thrips, and whiteflies (Valent U.S.A. Corporation, www.valent.com).  
Dinotefuran is also one of the most effective neonicotinoid compounds at controlling 
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adult American cockroaches (Periplaneta americana L.), and exhibits activity against 
pyrethroid and carbamate resistant mosquitos, possibly making it a useful tool in the fight 
against mosquito-borne disease (Corbel et al. 2004).        
     PENTRA-BARK (Quest Products Corp., Louisburg, Kansas) is a bark penetrating 
surfactant that may be a promising addition to dinotefuran or imidacloprid treatment 
measures against HWA.  It is a nonionic organosilicone wetting agent designed to 
improve penetration of water based applications of fungicides, insecticides, plant growth 
regulators, and micronutrients through bark.  PENTRA-BARK opens lenticels in the 
bark periderm layer of woody plants, and when used in combination with systemic 
insecticides, it facilitates more direct movement of the insecticides into the vascular 
transport system (Quest Products Corp., www.questproducts.us).   
Biological control agents for HWA: 
Biological control is the most viable alternative for HWA management in forested 
settings (McClure et al. 2001).  Wallace and Hain (2000) reported that the majority of 
native or previously established introduced, predators for HWA in the southeastern 
United States consisted of Harmonia axyridis Pallas (Coleoptera: Coccinellidae), 
chrysopid and hemerobiid lacewings (Neuroptera), and gall gnats (Diptera: 
Cecidomyiidae).  These predatory insects typically occur at low densities, and their 
populations did not increase when HWA were most abundant (Wallace and Hain 2000).  
Research in Connecticut reported similar findings regarding insect predators for HWA in 
the northeastern U.S. (Balogh et al. 2002; McClure 1987; Montgomery and Lyon 1996).  
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This prompted researchers to search for non-native predatory insects and parasitoids that 
could be introduced as biological control agents for HWA (Wallace and Hain 2000).   
     Two potential biological control agents discovered in Japan were Diapterobates 
humeralis Hermann (Oribatida: Ceratozetidae), and Sasajiscymnus tsugae Sasaji and 
McClure (Coleoptera: Coccinellidae), formerly Pseudoscymnus tsugae (Cheah and 
McClure 1996; McClure 2001; Zilahi-Balogh et al. 2002).  Diapterobates humeralis 
feeds on the cottony material surrounding HWA ovisacs, causing the eggs to dislodge and 
fall from the tree (McClure 2001).  This mite was found at 53% of the sites investigated 
in Japan, and destroyed over 90% of HWA eggs in those areas (McClure 2001).  Because 
of difficulties in maintaining laboratory cultures, D. humeralis was eliminated as a 
possible biological control agent for HWA in North America (Cheah and McClure 1996; 
McClure 2001; Zilahi-Balogh et al. 2002).  Sasajiscymnus tsugae has several qualities 
that make it an ideal candidate for biological control, including a life cycle that is 
synchronized with HWA, multiple generations per year, and the ability to be mass reared 
in an insectary (McClure 2001).  Sasajiscymnus tsugae was found in 32% of the sites 
investigated in Japan and was responsible for over 86% of HWA mortality in those areas 
(McClure 2001).  From 1995 to 2000, over 160,000 S. tsugae adults were released in 
hemlock forests in Connecticut, Virginia, and New Jersey (McClure 2001).  In some of 
these release areas, HWA densities were reduced from 47 to 87% in 5 months (McClure 
2001).  Sasajiscymnus tsugae has also overwintered and produced subsequent generations 
at release sites, and was found to have dispersed over 0.80 km at one site in Connecticut 
(McClure 2001).  In 2003 and 2004, another study was conducted to compare the health 
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of HWA infested hemlocks in S. tsugae release sites in Connecticut and New Jersey to 
HWA infested hemlocks in non-release sites (Cheah et al. 2005).  From 1995 to 2002, 
172,000 S. tsugae were released in Connecticut, and 298,160 S. tsugae were released in 
New Jersey sites from 1998 to 2004.  In the Connecticut study sites, researchers reported 
a dramatic improvement in hemlock health compared to conditions of decline that had 
been observed in the stands in the mid to late 1990s.  Hemlock health in the Connecticut 
S. tsugae release sites had improved while hemlock health in non-release hemlock sites 
had not.  The recovery at hemlock sites in New Jersey has been much slower.   
     Researchers at Clemson University released over 100,000 S. tsugae adults in North 
Carolina, South Carolina, and Georgia in 2004.  A follow up study on one of the 2004 
release sites found evidence of S. tsugae eggs, larvae, and pupae on HWA infested 
hemlocks at the site, an indication of reproduction of S. tsugae in the field (Conway and 
Culin 2005).  From the initial three release trees at the site, the beetles were recorded on 
eight HWA infested hemlocks after a six-month period and dispersal up to 130 m was 
observed.  Research by Butin et al. (2003) in Massachusetts suggested that S. tsugae 
could not produce enough progeny to control high-density HWA populations.  In this 
study, S. tsugae also did not increase egg production in response to higher densities of 
HWA, produce progeny in the field, or reduce HWA populations (Butin et al. 2003).  
Asaro et al. (2005) reported that optimum release densities of S. tsugae are still unknown, 
although over a million beetles have been released throughout the range of the HWA to 
date.  At release rates of either 300 or 3,000 S. tsugae adults, they found no significant 
differences in HWA density (Asaro et al. 2005).  In the study, S. tsugae demonstrated 
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significant control of HWA within a sleeve cage, and with initial HWA densities of 
between 0 to 50 ovisacs per branch (Asaro et al. 2005).          
     Laricobius nigrinus Fender (Coleoptera: Derodontidae) is another promising 
candidate for biological control of HWA in the eastern United States (McClure 2001). 
L. nigrinus is native to British Columbia and oviposits and feeds on HWA.  Its larvae 
require a diet of HWA to fully develop, and its life cycle is highly synchronized with that 
of HWA (Zilahi-Balogh et al. 2002; Zilahi-Balogh et al. 2003a; Zilahi-Balogh et al. 
2003b).  Mass culture techniques for L. nigrinus continue to be improved by researchers 
at Virginia Tech (Lamb et al. 2002; Lamb et al. 2005) and Clemson University (Culin, 
personal communication, March 4, 2008).   From Massachusetts to Georgia 7,350 L. 
nigrinus adults have been released at 19 different sites in eight states in order to 
determine if such small-scale releases will result in establishment of this predator 
(Mausel et al. 2005).             
      Scymnus sinuanodulus Yu and Yao, Scymnus camptodromus Yu and Yao, and 
Scymnus ningshanensis Yu and Yao (Coleoptera: Coccinellidae) are three other possible 
biological control candidates imported from China (Montgomery et al. 2000; Yu et al. 
2000; McClure 2001; Zilahi-Balogh et al. 2002).  All three species feed exclusively on 
HWA and develop best when feeding on HWA eggs (Lu and Montgomery 2000; 
McClure 2001; Zilahi-Balogh et al. 2002).  All three Scymnus species hatch during the 
period when HWA eggs are most abundant, making them suitable candidates for 
biological control (Lu and Montgomery 2000).  Scymnus camptodromus eggs must be 
exposed to a warm temperature period (20-25°C), a subsequent cold period (5-10°C), and 
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returned to another warmer temperature period, making insectary rearing difficult (20-
25°C) (Lu and Montgomery 2000; Balogh et al. 2002).  Scymnus sinuanodulus has 
characteristics that make it suitable for mass rearing.  A sleeve cage study by Asaro et al. 
(2005) found that S. sinuanodulus provided some control of HWA when initial densities 
were greater than 100 ovisacs per branch.  Butin et al. (2003) suggested that S. 
ningshanensis was a promising candidate for biological control of HWA.  During their 
study, S. ningshanensis increased egg production when HWA was more abundant, and 
20% of the females in the field produced progeny (Butin et al. 2003).  A reduction in 
HWA populations was also reported in the study (Butin et al. 2003).    
     Cold temperatures have been shown to significantly increase mortality of HWA 
(Skinner et al. 2003).  Although HWA cold hardiness depended on geographic location 
and time of year, HWA mortality increased as temperature decreased in all sites and 
months studied, and it is possible that cold winter temperatures will be a limiting factor in 
the northward spread of HWA (Skinner et al. 2003; Shields and Cheah 2005).                                 
Shields and Cheah (2005) assessed HWA mortality in the northeastern United States for 
the winters of 2002-03 and 2003-04.  In the winter of 2003, adelgid mortality ranged 
from 86 to 73.8% at research sites in the northeastern United States, and 11.2% at a site 
in North Carolina.  During 2003-04, adelgid mortality ranged from 93.6 to 78.4% at the 
northeastern sites and 21.1% at the North Carolina site.  Mortality was positively 
correlated with both latitude and minimum temperature at each site (Shields and Cheah. 
2005).   
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Relationships of Hemlock site and stand components with HWA: 
Some research has been done on site and stand characteristics of infested hemlock stands 
in the northeast to determine if any specific stand characteristics have an effect on tree 
susceptibility to HWA attack (Orwig et al. 1998, 2002; Royle and Lathrop 1999).  The 
only variable found to have an effect on HWA susceptibility was latitude (Orwig et al. 
1998, 2002).  For my thesis research, I conducted a study to determine the boundaries of 
the HWA infestation in the Chattooga River watershed in North Carolina, Georgia, and 
South Carolina, and to determine if there were any relationships among selected site and 
stand characteristics and hemlock susceptibility to HWA attack (Faulkenberry in press).  
Out of the 14 variables I measured, only latitude, longitude, and terrain shape index (TSI) 
had a statistically significant relationship with HWA infestation.  Latitude and longitude 
were both highly significant, with HWA infestations decreasing with decreases in latitude 
and longitude, while TSI explained 3% of the variation in the model.  It appears that all 
hemlock stands in the southeastern U.S. are at risk for HWA infestation regardless of site 
or stand characteristics.  The proximity of a hemlock stand to existing HWA infestations 
appears to be the only factor that determines its susceptibility to attack (Faulkenberry in 
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          Hemlock wooly adelgid (HWA) (Adelges tsugae Annand) (Hemiptera: 
Sternorrhyncha: Adelgidae) is an introduced pest presenting a serious threat to Tsuga 
canadensis L. (eastern hemlock) and Tsuga caroliniana Engelm (Carolina hemlock).  In 
Asia, where HWA is native, it rarely causes damage to the trees it infests.  The long 
evolutionary history of this insect within its native ecosystem has allowed for the 
development of natural regulating factors, such as host plant resistance and predator 
complexes (McClure et al. 2001).  Neither eastern hemlock nor Carolina hemlock exhibit 
resistance to HWA, and HWA is spreading throughout the range of these two species 
(Appendix A, B).  HWA can now be found in 17 states in the eastern United States, and 
is spreading as much as 15.6 km per year in the southern portion of its range (Evans and 
Gregoire 2007; USDA Forest Service 2007) (Appendix B).  Although the effects of 
HWA on eastern hemlock and Carolina hemlock are relatively well understood, little 
work has been done comparing the development of an infestation and the decline 
characteristics of these two host species.  The objectives of this study were: 
1. To examine the development rate of HWA infestations on sites consisting 
predominantly of eastern hemlock, sites consisting predominantly of Carolina 
hemlock, and sites where the two hemlock species occur together.   
2. Compare the rate of canopy thinning of eastern hemlock and Carolina hemlock 
due to HWA.     
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      Since Carolina hemlock only occurs within a limited portion of the range of eastern 
hemlock, it may have a higher risk of extinction due to HWA-induced mortality.  If the 
development rate of HWA and the rate of HWA related decline for Carolina hemlock is 
found to be higher than for eastern hemlock, perhaps more resources could then be 
allocated for monitoring and controlling HWA in Carolina hemlock stands.   
 
Methods and Materials 
     The study area consisted of 11 sites in DuPont State Forest (NC Division of Forest 
Resources) near Brevard, NC, one site in nearby Caesar’s Head State Park (SC 
Department of Parks, Recreation, and Tourism) in Cleveland, SC, and one near Whiteside 




   Whiteside Mountain Caesar’s Head  
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Figure 3.1.  Location of DuPont State Forest, Caesar’s Head State Park, and Whiteside 
Mountain (www.dupontforest.com/maps.asp). 
     Originally there were to be five sites each of predominantly eastern hemlock, 
predominantly Carolina hemlock, and mixed eastern hemlock and Carolina hemlock.  
Hemlock sites consisting of predominantly one species were defined as areas with greater 
than nine hemlocks of the desired species, and at least 80% of the hemlocks in the site 
were either eastern or Carolina.  Mixed hemlock sites were areas where the species 
composition was between 40 and 60% eastern and Carolina hemlock.  Although five 
eastern hemlock, and five mixed eastern hemlock and Carolina hemlock sites were 
located, only three suitable sites containing predominantly Carolina hemlock could be 
located within the geographic range of this study.  Many large stands of Carolina 
hemlock in the region had been either chemically treated or had had large numbers of 
predatory beetles released in them as part of the USDA Forest Service HWA biological 
control initiative.   Any site that had been chemically treated or was part of the biological 
control effort was deemed unsuitable for inclusion in this study, as that would impact 
development of HWA populations.  After the study was begun, one of the initial Carolina 
hemlock sites was treated with an insecticide by DuPont Forest staff, and another had the 
flagging removed by an unknown source, leaving only one Carolina hemlock site for 
analysis. The characteristics measured at each site were HWA density and light 
penetration through the hemlock canopy. 
 
Hemlock Woolly Adelgid Density:  Sites designated as either eastern hemlock sites or  
 
Carolina hemlock sites each had five hemlocks selected at random, and sites designated  
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as mixed eastern and Carolina hemlock sites had five hemlocks of each species selected  
 
at random for HWA density.   
      
     HWA density was recorded on four branches, one branch from each cardinal  
 
direction, of each hemlock monitored in each site.  Two 2 cm portions of each branch  
 
were selected at random, and the number of adelgid ovisacs present were counted and  
 
were recorded. The number of ovisacs located on each tree were averaged to obtain the  
 
mean HWA density per 16 cm of branch for each tree, and HWA densities on all trees  
 
within a site were averaged to obtain the HWA density per site.  Initial HWA densities  
 
were recorded between March and June 2006 as the sites were being established, and  
 
then sampled monthly from March through June 2007 and 2008. In 2008, all trees in the  
 
one Carolina hemlock site were found to have had their flagging removed, when the  
 
June HWA density was to be recorded.       
 
 
Hemlock Canopy Assessment:  Canopy quality was measured using a Basic Quantum 
Meter (Apogee Instruments Inc., Logan, UT) to determine the amount of light being 
transmitted through the canopy.  This instrument records the amount of light as  
μmol m-² s-¹, and was used to assess needle loss due to HWA.  Measurements were taken 
at a height of 33 cm above the ground and 33 cm away from the main trunk, with one 
measurement in each cardinal direction of the tree.  The four light readings taken at each 
tree were averaged to obtain the mean amount of light transmitted through its canopy.  
Light transmission data for each tree were averaged to get a single reading for each site.  
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Light readings for all sites were taken once annually in May, under clear skies, in the 
early afternoon.   
 
Statistical Analysis:  Analysis of variance (ANOVA) (PROC GLM, PROC REG, SAS 
9.3, SAS Institute Inc., Cary, NC, 2008) was used to determine whether HWA infestation 
levels differed between the two hemlock species and among site types.  Site groupings 
used in the analyses were: eastern hemlocks in eastern hemlock sites, eastern hemlocks in 
mixed hemlock sites, Carolina hemlocks in mixed hemlock sites, and Carolina hemlocks 
in the single Carolina hemlock site.  Due to the absence of HWA density data for the 
Carolina hemlock site for June 2008, June 2008 was not included in any statistical 
analyses for this site.  Due to violations of assumptions of normality and equal variances, 
a ranking procedure was used (PROC RANK, SAS 9.3, SAS Institute Inc., Cary, NC, 
2008), which assigns ranks to the observations in the data set based on their values, and 
creates a new data set that can be analyzed using ANOVA (PROC GLM, SAS 9.3, SAS 
Institute Inc, Cary, NC, 2008).   
     ANOVA was also used to determine if there were significant differences in light 
transmission through the crown both among species and site groupings.  Due to errors in 
light meter readings that were not immediately recognized, light transmission data were 
not available for the Carolina hemlock site in 2006.  In 2008, all trees in the remaining 
Carolina hemlock site were found to have had their flagging removed, when light meter 
readings were to be recorded.  Due to the absence of light transmission data for the 
Carolina hemlock site in 2006 and 2008, this site was not included in any statistical 
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analyses.  Due to violations of the assumptions of normality and equal variances, a 
ranking procedure was used (PROC RANK, SAS 9.3, SAS Institute, Cary, NC), which 
assigns ranks to the observations in the data set based on their values, and creates a new 
data set that can be analyzed using ANOVA (PROC GLM, SAS 9.3, SAS Institute Inc, 
Cary, NC, 2008).   
 
Results & Discussion 
 
Hemlock woolly adelgid density:  There were no significant differences in HWA density 
among months within either 2007 or 2008, for eastern hemlocks in eastern hemlock sites 
(2007: t = 0.53, p = 0.6496), (2008: t = 0.58, p = 0.6201) (Fig. 3.2), Carolina hemlocks in 
Carolina hemlock sites (2007: t = -1.97, p = 0.187), (2008: t = 0.66, p = 0.6293) (Fig. 
3.3), eastern hemlocks in mixed hemlock sites (2007: t = -0.93, p = 0.4516), (2008: t = 
0.29, p = 0.7981) (Figs. 3.4, 3.5), and Carolina hemlocks in mixed hemlock sites (2007: t 
= 1.07, p = 0.1875), (2008: t = 0.00, p = 0.9994) (Figs. 3.4, 3.5).  Mean HWA density by 
tree within each site is presented in Appendix C.     
 There were also no significant differences in HWA densities between eastern 
hemlocks and Carolina hemlocks among all sites in 2007 (t = 1.51, p = 0.2838) or 2008 (t 
= 0.18, p = 0.9068) (Fig. 3.6).  The single HWA density measure taken in 2006 was 
compared to the 2007 and 2008 data to examine how HWA density had changed over the 
course of this study (Fig. 3.6).     
     In 2007, there were no significant differences in mean HWA density on either eastern 
hemlocks or Carolina hemlocks at any site, except for Carolina hemlocks at the sole 
Carolina hemlock site where there was a significantly lower density than at the other sites 
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(Fig. 3.6).  In 2008, there were no significant differences in mean HWA density on either 
eastern hemlocks or Carolina hemlocks at any site (Fig. 3.6).  
 
Figure 3.2.  Mean HWA densities for eastern hemlock on eastern hemlock sites in 2007 





Figure 3.3.  Mean HWA densities for the Carolina hemlock site in 2007 and 2008, by 
month.  (Note:  There was no density reading for June 2008.  Error bars represent 




Figure 3.4.  Mean HWA densities in mixed eastern hemlock and Carolina hemlock sites 
in 2007, by month.  (Carolina = Carolina hemlock, Eastern= eastern hemlock; Error bars 




Figure 3.5.  Mean HWA densities in mixed eastern hemlock and Carolina hemlock sites 
in 2008, by month.  (Carolina = Carolina hemlock, Eastern = eastern hemlock; Error bars 










Figure 3.6.  Mean HWA densities for sites of Carolina hemlock, eastern hemlock at 
mixed sites, Carolina hemlock at mixed sites, and eastern hemlock from 2006-2008.  
(Carolina = Carolina hemlock site, Mixed_Eastern = eastern hemock at mixed hemlock 
site, Mixed_Carolina = Carolina hemlock at mixed hemlock site, Eastern = eastern 
hemlock site; Error bars represent standard error.  An * indicates site groupings that were 
statistically different at the α = 0.05 level.)   
 
Mean HWA density was significantly lower in 2008 compared to 2007, for Carolina 
hemlocks in the Carolina hemlock sites (t = 4.26, p = 0.0491), Carolina hemlocks in 
mixed hemlock sites (t = 100.38, p = 0.0001), and eastern hemlocks in mixed hemlock 
sites (t = 64.49, p = 0.0001).  There were no significant differences in mean HWA 
density between 2007 and 2008 for eastern hemlocks in eastern hemlock sites (t = 2.80, p 
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= 0.0957).  From 2006 to 2008, mean HWA densities decreased in all analysis groupings 
(Fig. 3.6).  HWA significantly decreased in density from 2007 to 2008 for Carolina 
hemlocks at Carolina hemlock sites, and mixed eastern and Carolina hemlock sites, but 
did not decrease as sharply at these sites from 2006 to 2007 (Fig. 3.6).     
     HWA has been reported to be density dependent on the health of their hosts, showing 
population decreases as the quality of the host hemlocks decline (McClure et al. 2001).  It 
is possible that HWA feeding has caused a decline in the health of the hemlocks 
monitored in this study.  It is also possible that the severe drought conditions in the 
southern mountains of North Carolina (Burns and Barbara 1990) has negatively impacted 
hemlock vigor to the point where drought stress may be causing the observed decrease in 
HWA populations.  The region of North Carolina where the field sites are located has 
been under drought conditions for seven out of the last 10 years (NOAA, National 
Climatic data center, http://www7.ncdc.noaa.gov).  The Palmer drought severity index 
(PDSI) is an index that uses precipitation and temperature data to determine the level of 
drought for a particular geographical region.  The index goes from -4 to 4, with negative 
numbers representing different severity levels of drought (-1 = drought, -2 = moderate 
drought, -3 = severe drought, and -4 = extreme drought).  This region of North Carolina 
has been under drought conditions over the course of this study, and the last year of the 




Figure 3.7.  The Palmer drought severity index from 1998 to 2008 for the region of North 
Carolina where the study sites were located.   
      
Hemlock Canopy Assessment:  There were significant differences in light transmission 
through the crown among all sites in 2006 (t = 4.06, p = 0.0213), but not in 2007 (t = 
0.92, p = 0.4044) or 2008  (t = 0.41, p = 0.6665) (Table 3.1).  Light transmission data for 
Carolina hemlocks in Carolina hemlock sites were not included in the analyses.  In 2006, 
eastern hemlocks in eastern hemlock sites had significantly lower mean light 
transmission levels than either eastern hemlocks or Carolina hemlocks in mixed sites.  
The increase in mean light transmission within eastern hemlock sites corresponds with 
HWA density decreases within these sites (Figs. 3.8, 3.9).  Eastern hemlocks in mixed 
hemlock sites had declining HWA densities from 2006 to 2008, but light transmission 
data remained relatively stable during that time period (Figs. 3.10, 3.11).  
     Significant increases were found in light readings under eastern hemlocks at eastern 
hemlock sites from 2006 to 2008 (t = 8.15, p = 0.0007), but there were no significant 
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differences in mean light readings from 2006 to 2008 for eastern hemlocks in mixed 
hemlock sites (t = 0.95, p = 0.3913), or Carolina hemlocks in mixed hemlock sites (t = 
1.68, p = 0.1937).  An unobstructed open sky reading in these sites averaged 250  
µmol m-2 s-1. 
Table 3.1.  Mean light transmission levels beneath the canopy of eastern hemlocks and 
Carolina hemlocks in sites where they are the sole species or occur together. Means 
followed by the same letter are not significantly different at the α = 0.05 level. The 
among years column represents within site comparisons, and the among site column 









Species Site Type Year 
9.18 b b Eastern Eastern 2006 
9.94 b a Eastern Eastern 2007 
17.02 a a Eastern Eastern 2008 
16.16 a a Eastern Mixed 2006 
12.58 a a Eastern Mixed 2007 
16.05 a a Eastern Mixed 2008 
11.60 a a Carolina Mixed 2006 
10.24 a a Carolina Mixed 2007 


































Figure 3.8.  Mean light transmission levels in eastern hemlock sites from 2006-2008.  



















Figure 3.9.  Mean light transmissions and mean HWA densities for eastern hemlocks at 





















Figure 3.10.  Mean light transmission levels in mixed eastern hemlock and Carolina 



















Figure 3.11. Mean light transmissions and mean HWA densities for eastern hemlocks at 
mixed hemlock sites from 2006 to 2008.   
 
     The lack of significant differences in HWA infestation levels within the four site 
groupings, suggests that Carolina hemlock and eastern hemlock are similarly susceptible 
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to HWA infestation.  Although Montgomery et al. (2005) reported that Carolina hemlock 
was the more susceptible of the two hemlock species, I did not find any differences in my 
study.  The vulnerability of both eastern hemlock and Carolina hemlock to the HWA may 
be partly due to their containing low levels of the terpenoids α-pinene, β-caryophyllene, 
and α-humulene, which possibly act as deterrents to HWA feeding, and high levels of 
isobornyl acetate, which may serve as an attractant for HWA (Montgomery et al. 2003).  
In contrast to both eastern and Carolina hemlock, the five species of hemlock from 
western North America and Asia known to exhibit resistance to the HWA have higher 
levels of α-pinene, β-caryophyllene, and α-humulene, and lower levels of isobornyl 
acetate (Montgomery et al. 2003).  
     Due to inconsistent relationships between light transmission data and HWA densities 
within the sites surveyed, no definite links can be made between canopy density and 
HWA density in this study.  One problem with the current study is that it is not known 
when HWA infestations became established in each of the sites.  Without knowing the 
initial infestation dates for sites, definite conclusions comparing the infestation and 
decline characteristics of eastern and Carolina hemlock were not possible.  The HWA 
was first discovered in DuPont State Forest in 2004, so the infestations monitored in this 
study were likely no more than two years old when the study began in 2006 (Eric Folk, 
personal communication, November 4, 2008).  However, it was not possible to determine 
when the HWA infested each of the study sites.  Another problem encountered in this 






     HWA density and hemlock canopy health were used to study the development and 
effects of HWA infestation on both eastern and Carolina hemlock.  No significant 
differences in HWA density were found in 2007 or 2008 for either eastern hemlock or 
Carolina hemlock at any site.   All analysis groups except for eastern hemlocks at eastern 
hemlock sites had significantly lower HWA infestations in 2008 compared to 2007, 
possibly suggesting that tree health had declined to the point where they were no longer 
suitable as hosts.   
     Eastern hemlocks in eastern hemlock sites had significantly lower light transmission 
through the canopy than either eastern hemlock or Carolina hemlock in mixed sites in 
2006, but no differences were detected among either species or sites in 2007 or 2008.  
From 2006 to 2008 eastern hemlocks and Carolina hemlocks at mixed sites had no 
significant differences in canopy light transmission, but eastern hemlocks in eastern 
hemlock sites did exhibit significantly higher transmission levels in 2008 than in either 
2006 or 2007. 
     Due to the lack of differences in HWA density, and canopy light transmission for both 
eastern hemlock and Carolina hemlock, this study suggests that both species are equally 
vulnerable to this pest.  However, since the ages of the HWA infestations were not 
known, and only one Carolina hemlock site could be monitored, this conclusion remains 





The Effectiveness of Imidacloprid and Dinotefuran When Applied as a Soil Drench 
Application Versus a Bark Application in Conjunction With a Bark 
Penetrating Surfactant for Control of the Hemlock Woolly Adelgid. 
 
Introduction 
     Hemlock forests in the eastern United States currently face a grave threat from the 
hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Sternorrhyncha: 
Adelgidae) (HWA), a nonnative insect currently established in 17 states in the region 
(USDA Forest Service 2007) (Appendix B).  The HWA was likely accidentally 
introduced into Virginia in the 1950s from southern Japan, and has since become a 
serious pest of both eastern hemlock, Tsuga canadensis L. and Carolina hemlock, Tsuga 
caroliniana Engelm throughout their ranges in the eastern United States (Appendix A, B) 
(Gouger 1971; Souto 1996; Havill et al. 2006, USDA Forest Service, www.na.fs.fed.us, 
USGS, http://esp.cr.usgs.gov). 
     Hemlocks are important components of the forests where they occur, and their loss 
from these ecosystems will have extensive ecological impacts.  Hemlock mortality will 
likely result in nutrient leaching from soil and nutrient loading of streams, as well as 
causing dramatic changes in soil moisture and daily streamflow oscillations (Yorks et al. 
1999; Jenkins et al. 1999a; Ford and Vose 2007).  Hemlocks provide habitat for various 
wildlife species, and brook trout (Salvelinus fontinalis Mitchill) were found to be more 
abundant in streams flowing through hemlock forests compared to those in hardwood 
forests (McClure et al. 2001; Snyder et al. 2005).  In addition, the loss of hemlocks and 
their probable replacement by hardwood species will likely lower invertebrate diversity 
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in stream habitats, altering the trophic structure of both fish and invertebrate communities 
(Snyder et al. 2005). 
     Currently, the only viable method of HWA control is through the use of insecticides.  
For chemical management of HWA, imidacloprid (OHP Inc., Mainland, PA) has been 
shown to provide successful control (Steward and Horner 1994; Webb et al. 2003; 
Cowles et al. 2006).  This insecticide was the first commercially available compound in 
the neonicotinoid class, and is currently one of the most widely used insecticides in the 
world (Silcox 2002).  The systemic activity of imidacloprid makes it well suited for use 
on trees, allowing it to be applied as soil, trunk or foliar applications.  Its systemic nature 
results in translocation throughout the tree, minimizing exposure to nontarget organisms, 
although imidacloprid has been shown to have adverse effects on litter dwelling 
earthworms at normally used soil concentrations of the insecticide (Cowles et al. 2005, 
2006; Kreutzweiser et al. 2008).   
      Dinotefuran (Valent U.S.A. Corporation, Walnut Creek, CA), a newer neonicotinoid 
insecticide, is also recommended for control of HWA (Valent U.S.A. Corporation, 
www.valent.com).  Dinotefuran has a mode of action similar to imidacloprid, but is more 
highly water soluble, facilitating its uptake and distribution throughout plants when used 
as a systemic pesticide (Corbel et al. 2004; Cowles et al. 2006; Valent U.S.A. 
Corporation, www.valent.com).  
     PENTRA-BARK (Quest Products Corp., Louisburg, Kansas) is a bark penetrating 
surfactant that may be a promising addition to either imidacloprid or dinotefuran 
treatments for HWA management.  It is a nonionic organosilicone wetting agent designed 
 41 
to improve penetration through bark of water based formulations of fungicides, 
insecticides, plant growth regulators, and micronutrients.  PENTRA-BARK opens 
lenticels in the bark periderm layer of woody plants, and when used in combination with 
water based pesticides, plant growth regulators, or micronutrients, facilitates direct 
movement of the chemical into the vascular transport system. (Quest Products Corp., 
www.questproducts.us) 
     Research has shown imidacloprid soil applications to be effective in providing 
multiyear control of HWA (Steward and Horner 1994; Cowles et al. 2005, 2006).  The 
two primary soil application methods used are soil drenches and soil injections, both of 
which have drawbacks.  Soil drenches require access to large quantities of water, 
necessitating the use of a tank truck, or other method for water transport to treatment 
sites, limiting treatments to areas near roads.   Likewise, a Kioritz applicator (Kioritz 
Corp., Tokyo, Japan) used for soil injections is expensive, costing between $379 and 
$394.  If proven successful, bark spray applications using PENTRA-BARK, or a similar 
product, would enable applicators to treat hemlocks without having to transport large 
quantities of water, or purchase more specialized equipment.   
     The objective of this study was to compare soil drench treatments of imidacloprid or 
dinotefuran with tank mixes of each insecticide with PENTRA-BARK applied as a 
trunk spray for control of HWA.  Although dinotefuran is labeled for use in HWA 
management, it is a relatively new product, and no studies have been located that 
compare its effectiveness with imidacloprid for HWA management.  If bark sprays are 
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found to be effective for HWA management, it would provide another option for use in 
reducing HWA populations.   
 
Methods and Materials 
 Four insecticide treatments and an untreated control were compared in this study.  
Treatments included: (1) soil drench with imidacloprid (MarathonII; OHP Inc., 
Mainland, PA); (2) soil drench with dinotefuran (Safari™20SG; Valent U.S.A. 
Corporation, Walnut Creek, CA); (2); (3) bark spray with imidacloprid (MarathonII) 
plus PENTRA-BARK; (4) bark spray with dinotefuran (Safari™20SG) plus PENTRA-
BARK; Quest Products Corp., Louisburg, KS), and (5) untreated control.  The study 
was conducted in DuPont State Forest (NC Division of Forest Resources), using a 
completely randomized design with 5 replications (trees) per treatment.  All 25 trees 
chosen for the study were between 20 – 21 cm dbh (diameter at breast height).  Individual 
trees treated using the soil drench applications were selected so that they were at least  
50 m apart to prevent cross contamination, and bark spray treatment trees were at least 
1.8 m apart.  Each tree in the study was marked with an aluminum tag, so it could be 
easily located for sampling over the course of the study.            
 
Insecticide Application:  All treatments were applied on October 11, 2007.  Soil drenches 
were applied at the recommended label rate of 1.2 g active ingredient (AI)  / 2.54 cm 
dbh).  For each insecticide, 9.6 g AI was placed in 30.27 L water and poured directly 
around the base of the trunk of each tree out to a distance of approximately 30 cm.  The 
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amounts of each material used were 40 mL of Marathon®II and 48 g of Safari 20™SG.  
Prior to application, the duff layer around the base of the tree was raked back, to enhance 
percolation of the insecticide into the soil.  
      Bark sprays were applied at a rate of 1.7 g AI  / 2.54 cm dbh, for a total of 13.6 g AI 
for each tree.  The imidacloprid bark spray treatment contained 284 mL MarathonII, 
3.78 L water, and 88.69 mL PENTRA-BARK, while the dinotefuran bark spray 
treatment contained 340.2 g Safari™20SG, 3.78 L water, and 88.69 mL PENTRA-
BARK.  After each mixture was prepared, 756 mL of either the imidacloprid or 
dinotefuran mixture was placed into each of five individual 1.18 L hand pump spray 
bottles (Ace®, Professional Hand Sprayer, Oak Brook, IL), to ensure that each of the five 
trees received an equal volume of material.  Trunks were sprayed from a height of 10 cm 
to 180 cm above the soil surface.   
 
HWA Mortality Assessment:  To evaluate HWA mortality, trees were sampled on 
November 6 (26 days post treatment) and December 1, 2007 (51 days post treatment), 
and May 25, 2008 (176 days post treatment).  Although a pre treatment sample had been 
collected in October, the HWA were just breaking aestivation, rendering mortality 
assessments inaccurate.  A pole pruner was used to collect branch samples from three 
different heights above ground from each tree.  The levels were low (approximately 1 m), 
medium (4 m), and high (7 m).   For each tree, a 3.78 L plastic bag was filled with 
hemlock branches from each level.  After samples for all trees were collected, they were 
returned to the laboratory and stored overnight in an environmental chamber, at 18°C, 
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60% RH, and 24:0 (L;D) photoperiod.  On the following day, 100 HWA were selected, 
with 34 from the lower level, and 33 from both the middle and upper levels.  HWA were 
examined under a dissecting microscope (20x) and categorized as either active (alive) or 
inactive (dead).  If no activity was obvious, HWA were touched with a dissecting pin in 
an attempt to elicit movement prior to categorizing them as active or inactive.  The 
number of HWA that were categorized as inactive was used to calculate percent mortality 
for each tree (i.e., If 77 HWA exhibited no movement, that tree was rated as having 77% 
HWA mortality).  Immediately upon finishing the mortality assessment, all branch 
samples were stored at -20°C until analyzed, to determine insecticide concentrations.                        
 
Insecticide Recovery:  The extraction method described by Obana et al. (2002) for 
extraction, cleanup, and HPLC analysis for determination of residues of the neonicotinoid 
insecticides nitenpyram, imidacloprid, and acetamiprid in vegetables and fruits, was 
adapted for the extraction of imidacloprid and dinotefuran in this study.  Deviations from 
the Obana et al. (2002) method were: the use of a 1:1 acetone:hexane solution to rinse the 
PSA cartridge instead of 5:5 acetone:hexane, the use of a 2:8 acetone:hexane solution to 
rinse the silica cartridge instead of 3:7 acetone:hexane, smaller amounts of sample, 
solvents, and sodium chloride used in the extractions, the use of 90:9:1 
acetonitrile:water:acetic acid solvent in the extraction instead of pure acetonitrile, and the 




HPLC:   A solid phase extraction cartridge (PSA) [Bond Elut, 0.5 g/3 mL (Varian Inc., 
Harbor City, CA)], was rinsed with 10 mL acetone, followed by 10 mL 1:1 acetone: 
hexane.  The silica gel cartridge [Mega Bond Elut SI, 1 g/6 mL (Varian Inc.), was rinsed 
with 10 mL acetone, followed by 10 mL 2:8 acetone: hexane.  
     HPLC analyses were performed using a Hewlett-Packard 1090 HPLC system 
(Hewlett-Packard Company, Palo Alto, CA), equipped with a photodiode array detector 
set at 270 nm, and a Regis column (3 µ100 A, 4.6 mm x 100 mm).  The mobile phase 
solvents were A: methanol with 0.2% H3PO4, and B: water with 0.2% H3PO4.  The 
starting solvent was 5:95 A:B, which was maintained for 3 min, changed to 50:50 A:B 
over the next 7 min and then maintained for 5 min, followed by a change to 100% A over 
5 min and then maintained for 5 min.  The system was re-equilibrated by changing to 
5:95 A:B over 5 minutes, followed by 5 minutes with 5:95 A:B.   
 
Extraction:  Two 2.5 g needle samples were used in the extractions. Each sample was 
combined with 12.5 mL 90:9:1 acetonitrile:water:acetic acid, for 2 min with a 
Brinkmann® Polytron homogenizer (Metrohm USA Inc, Westbury, NY).   Extracts were 
filtrated through #2 paper disks, using a Buchener funnel, then transferred to 12 mL clear 
glass vials.  Sodium chloride (1 g) was added, and solutions were mechanically shaken 
for 5 min to separate out the water layer, which settled at the bottom of the tube and was 
discarded.     
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Cleanup:  Extracts were transferred to round-bottom flasks and evaporated to near 
dryness.  Acetone (2 mL) was added to dissolve residues, followed by another 2 mL 
acetone, then 4 mL hexane.   This entire solution was transferred to a PSA cartridge, 
followed by 10 mL of 1:1 acetone:hexane to elute pesticides from the cartridge.  The PSA 
elution was evaporated to near dryness and then dissolved in 2 mL of 3:7 acetone:hexane.  
This was added to a silica gel cartridge, followed by a 10 mL solution of 2:8 
acetone:hexane.  This elution was discarded.  A 10 mL solution of 4:6 acetone:hexane 
was then added to the silica cartridge to elute the pesticides.  This elution was evaporated 
to near dryness, then dissolved in 2 mL methanol for HPLC analysis.  Samples were 
filtered through a 0.2 µ nylon filter into autosampler vials.   
 
Recovery Test:  Two 2.5 g samples of needles collected from a control tree were spiked 
with 0.5 mL of pure dinotefuran (20.8 µg/mL), and 0.5 mL of pure imidacloprid (20.5 
µg/mL) and allowed to sit for 20 to 30 min.  Three recovery tests for both imidacloprid 
and dinotefuran were performed as described above.  The mean percent recovery was 
60.2% for imidacloprid and 67.3% for dinotefuran.             
 
Statistical Analysis:  Analysis of variance (ANOVA) (PROC GLM, SAS 9.3, SAS 
Institute Inc, Cary, NC, 2008) was used to determine if there were significant differences 
in mean HWA mortality among treatments.  If significant differences were discovered 
among treatment means, Dunnett’s multiple comparison procedure was performed to 
determine which treatments differed from the control.  The total number of dead HWA 
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for each treatment in each month was the response variable in these analyses.  Due to 
violations of normality and homogeneous variances, a ranking procedure was used 
(PROC RAN, SAS 9.3, SAS Institute Inc, Cary, NC, 2008), which assigns ranks to the 
observations in the data set based on their values, creating a new data set that can be 
analyzed using ANOVA (PROC GLM).      
     ANOVA (PROC GLM, SAS 9.3, SAS Institute Inc, Cary, NC, 2008) was also used to 
determine if there were significant differences among mean insecticide concentrations 
recovered for each treatment.   Treatments were first tested to determine if there were any 
significant differences in insecticide concentrations among the low and high branch 
levels for each treatment.  Due to cost considerations, samples from the middle height 
level were not used in the analyses.  If no differences were detected between the two 
heights, only the low level samples were used in the statistical analyses.  Due to 
violations of assumptions of normality and equal variances, a ranking procedure was used 
(PROC RANK, SAS 9.3, SAS Statistical Institute Inc, Cary, NC, 2008), which assigns 
ranks to the observations in the data set based on their values, creating a new data set that 
can be analyzed using ANOVA (PROC GLM).      
 
Results and Discussion 
Hemlock woolly adelgid mortality:  HWA mortality is presented in Figure 4.1.  HWA 
mortality by tree by treatment can be found in Appendix E.  There were no significant 
differences in HWA mortality among treatments at 26 days post treatment, (t = 1.40, p = 
0.2687).  Significant differences among treatments did occur in both the 51 days post 
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treatment (t = 7.74, p = 0.0006), and 176 days post treatment (t = 5.04, p = 0.0057) 
samples.  Dunnett’s multiple comparison procedure indicated that at 51 days post 
treatment, both the dinotefuran soil (p = 0.0009) and dinotefuran plus PENTRA-BARK 
(p = 0.0183) treatments had significantly higher mean HWA mortality than the control  
(Fig. 4.1).  At 51 days post treatment, neither the imidacloprid soil (p = 0.8052) drench 
nor imidacloprid plus PENTRA-BARK (p = 0.8016) treatments had significantly 
different mean HWA mortality from the control (Fig. 4.1).  At 176 days post treatment, 
Dunnett’s multiple comparison procedure indicated that both the dinotefuran soil drench 
(p = 0.0057) and dinotefuran plus PENTRA-BARK® (p = 0.0078) treatments again had 
significantly greater HWA mortalities than the control while neither the imidacloprid soil 
drench (p = 0.6591) nor imidacloprid plus PENTRA-BARK® (p = 0.4620) treatments 






Figure 4.1.  HWA mean percent mortality for each insecticide treatment at 26 days, 51 
days, and 176 days post treatment.  (Imida/Pent = imidacloprid and PENTRA-BARK, 
Imida/soil = imidacloprid soil drench, Dinotef/Pent = dinotefuran and PENTRA-BARK, 
Dinotef/soil = dinotefuran soil drench. Error bars represent standard error.  An * indicates 
treatments that were statistically different from the control at the α = 0.05 level, (51 days 
post treatment: Dinotef/Pent, p = 0.0183; Dinotef/soil, p = 0.0009) (176 days post 
treatment: Dinotef/Pent, p = 0.0078; Dinotef/soil, p = 0.0057)). 
      
     At 51 days post treatment, the dinotefuran soil drench and bark spray treatments had 
HWA mortalities of 100% and 94%, respectively, (Fig. 4.1).  At 176 days post treatment, 
HWA mortality in both dinotefuran treatments was > 95% (Fig. 4.1).  In both dinotefuran 
treatments, HWA mortality began to occur relatively quickly and high HWA mortality 
was still observed at 176 days post treatment.  HWA mortality levels in the imidacloprid 
treatments remained similar throughout all sampling periods, and were not statistically 
different than the untreated control.    
     HWA populations are density dependent upon the nutritional quality of their host 
trees, and will decline as tree health deteriorates (McClure et al. 2001).  The region of 
 50 
North Carolina where the field sites were located has been under drought conditions for 
seven out of the last 10 years (NOAA, National Climatic data center, 
http://www7.ncdc.noaa.gov).  The Palmer drought severity index (PDSI) is an index that 
uses precipitation and temperature data to determine the level of drought for a particular 
geographical region.  The index goes from -4 to 4, with negative numbers representing 
different severity levels of drought (-1 = drought, -2 = moderate drought, -3 = severe 
drought, and -4 = extreme drought).  The PDSI for this region of North Carolina over the 
course of this study was classified between severe drought and extreme drought (Figure 
4.2).   
 
 Figure 4.2. The Palmer drought severity index from 1998 to 2008 for the region of North 
Carolina where the study sites were located.     
 
     Imidacloprid soil drench treatments have been reported to be slow acting, although 
they provide multiple year HWA control (Silcox 2002; Cowles et al. 2006).  If 
dinotefuran is found to provide rapid but short term control, while imidacloprid provides 
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initially slower but longer lasting control, both insecticides could be combined as a 
treatment recommendation for HWA, due to their complimentary nature.  Although the 
dinotefuran plus PENTRA-BARK® treatment seemed to provide high levels of HWA 
control, it is unclear whether this can be attributed to the inclusion of PENTRA-BARK® 
in the application mixture.  Treatments of both imidacloprid and dinotefuran as bark 
spray applications without PENTRA-BARK® would have been useful in assessing 
whether this surfactant was necessary for uptake through the bark.   
     Due to the similar levels of HWA mortality observed following both soil drench and 
bark spray applications of each insecticide, bark sprays should be the favored application 
method in forest settings.  This method uses less water than soil drenches, negating the 
need for tank trucks or large amounts of water.  In addition, since the insecticide is being 
applied directly to the tree trunk, there would be a minimal amount of pesticide reaching 
the soil.  This would reduce potential runoff into streams, or other sensitive areas.  
Imidacloprid has been shown to have adverse effects on litter dwelling earthworms at 
realistic soil concentrations of the insecticide, but no harmful effects on microbial leaf 
litter activity were reported (Kreutzweiser et al. 2008).                               
 
Insecticide concentration:  There were no significant differences in the insecticide 
concentrations recovered from hemlock foliage between the low and high branch levels 
in either the 51 days post treatment (t = 3.23, p = 0.0818) or 176 days post treatment (t = 
0.66, p = 0.5230) samples.  There were no significant differences in recovered insecticide 
concentrations among treatments at 51 days post treatment (t = 4.81, p = 0.0143), but 
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significant differences were found at both 26 days post treatment (t = 1.45, p = 0.2685) 

















Figure 4.3.  Recovered concentrations of each insecticde for both application techniques 
at 26 days, 51 days, and 176 days post treatment.  (Imidsoil = imidacloprid soil drench, 
Imidpent = imidacloprid PENTRA-BARK, Dinopent = dinotefuran PENTRA-BARK, 
Dinosoil = dinotefuran soil drench; Error bars represent standard error.) 
 
     Recovered imidacloprid concentrations from both the soil drench and bark spray   
treatments decreased from 26 days post treatment to 51 days post treatment, and were not 
detected at 176 days post treatment (Fig. 4.2).  Imidacloprid concentrations recovered at 
both 26 and 51 days post treatment were more than 1,500x higher than imidacloprid 
concentrations from a similar study conducted by Cowles (unpublished data) at two 
months post treatment. In my study, imidacloprid concentrations were > 2 µg/g in the soil 
drench application by 26 days post treatment, and fell to very low levels by 176 days post 
treatment.   
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     In 26 days post treatment samples, no dinotefuran was detected in hemlock foliage 
from either application method, while at 51 days post treatment, dinotefuran was only 
detected from foliage from the soil drench treatment (Fig. 4.2).  Recovered 
concentrations of dinotefuran from both application methods were highest at 176 days 
post treatment (Fig 4.2).  Insecticide recoveries by tree, by treatment are presented in 
Appendix F.     
      Imidacloprid is biologically active at concentrations at the ppb level (Cowles et al. 
2006), while the sensitivity of the Hewlett-Packard 1090 HPLC used in this study is in 
the ppm range (Riley, personal communication December 11, 2007).  The LC50 of 
imidacloprid has been estimated to be approximately 300 ppb, and it is likely that 
dinotefuran exhibits biological activity at concentrations as low as 20 to 200 ppb (Cowles 
et al. 2006; Cowles, personal communication, June 30, 2008).                
     Imidacloprid and dinotefuran extraction methods using the Hewlett-Packard 1090 
HPLC were tested at the onset of the study, and were successful at recovering these two 
insecticides using stock solutions added to untreated hemlock needle samples.   However, 
it should be noted that recovery amounts were < 70% using these stock solutions 
suggesting that a significant amount of the insecticide was lost in the extraction process 
(Riley, personal communication October 12, 2008).  Low recoveries from the spiked 
samples may suggest the presence of matrix effects (Cowles, personal communication, 
June 30, 2008), the binding of the AI of the insecticides with other analytes in the sample, 
which could limit or restrict their recoveries.  This may explain the inconsistent 




     HWA mortalities in both dinotefuran treatments were significantly higher than in 
either imidacloprid treatment at 51, and 176 days post treatment.  A comparison of bark 
spray treatments of dinotefuran and imidacloprid with and without the PENTRA-BARK® 
surfactant would be needed in order to determine the value of using this surfactant for 
control of HWA.   
     The results of the insecticide recovery study were inconsistent, with recovered 
imidacloprid concentrations often over a thousand times higher than those recovered in a 

















     Using canopy density and HWA density, the development of HWA infestations and 
their impact on both eastern and Carolina hemlock were studied.  There were no 
significant differences in the average number of HWA in either 2007 or 2008 found on 
either eastern hemlock or Carolina hemlock at any site.  There were no significant 
differences in canopy health found at two of the three site types monitored for light 
transmission within 2006, 2007, or 2008.  This study suggests that both eastern hemlock 
and Carolina hemlock may be equally vulnerable to HWA infestation.   
     Of the chemical control techniques examined, both dinotefuran application methods 
were found to result in significantly higher HWA mortalities than either imidacloprid 
method or the control.  No significant differences in HWA mortality between the 
imidacloprid treatments and the control were found.  The results of the insecticide 
recoveries were inconsistent, with dinotefuran often undetected, and imidacloprid levels 
uncharacteristically high. 
     The future of eastern and Carolina hemlock in the southeastern United States looks 
exceptionally bleak.  Although chemical controls are effective against the HWA, they are 
not realistic management measures for an entire watershed or stand of hemlock.  It is very 
likely that many of the eastern and Carolina hemlocks in forests in the southeastern 
























Native range of eastern hemlock and the introduced range of hemlock woolly adelgid in 
the eastern United States as of 2006. 
 
 













Hemlock woolly adelgid density (per 16 cm) on individual trees in each site over time 
Note:  E=eastern hemlock, C=Carolina hemlock; monthly infestation data not available 
for 2006.  Sites labeled EH represent eastern hemlock sites, CA represents Carolina 
hemlock sites, and Mix represents mixed eastern and Carolina hemlock sites. 
 
Site 








0353212/3885770 E1 7.25   
  E2 2.25   
  E3 2   
  E4 4   
    E5 8.5   
EH4(2006) 
17S 
0353511/3894744 E1 11.25   
  E2 7.75   
  E3 6.25   
  E4 6   
    E5 5.5   
EH3(2006) 
17S 
0353829/3895992 E1 7   
  E2 2   
  E3 3.5   
  E4 3.5   
    E5 1.5   
EH2(2006) 
17S 
0353187/3896044 E1 11   
  E2 6.25   
  E3 9.25   
  E4 7.75   
    E5 16.75   
EH1(2006) 
17S 
0353354/3895624 E1 9.75   
  E2 14.25   
  E3 10.5   
  E4 12   
    E5 9.25   
      
      
      
      





0353624/3895742 C1 5.25   
  C2 1.25   
  C3 3.5   
  C4 1.5   
  C5 3.25   
  E6 1.75   
  E7 1.5   
  E8 2   
  E9 6.75   




0353056/3895351 C1 17.5   
  C2 9.75   
  C3 15.5   
  C4 15.5   
  C5 16.5   
  E6 19.25   
  E7 15.5   
  E8 1   
  E9 11   




0353379/3894779 C1 10   
  C2 6.75   
  C3 8.25   
  C4 19.5   
  C5 5.5   
  E6 1   
  E7 2.75   
  E8 9.5   
  E9 12   




0353355/3894612 C1 12   
  C2 13   
  C3 4.75   
  C4 6.5   
  C5 6.25   
  E6 12   
  E7 11.75   
  E8 22   
  E9 14.25   
  E10 11   





0354635/3895858 C1 8.25   
  C2 2   
  C3 2.25   
  C4 2.25   
  C5 2.75   
  E6 3   
  E7 2   
  E8 5.25   
  E9 5.25   




0305447/3884738 C1 2.25   
  C2 2.75   
  C3 2   
  C4 2   
  C5 6   
.      
EH5(2007) Tree Number March April May June 
 E1 1 1.5 2 1 
 E2 1.75 2.5 8 8.25 
 E3 1 2.33 3.33 2.66 
 E4 0.25 0.5 2.25 2 
 E5 1 1.5 1.5 1.5 
EH5(2008)          
 E1 5.66 6 9.33 5.33 
 E2 6 8.25 12.75 3.5 
 E3 4 9 10.33 7.33 
 E4 2 7 15 5.66 
 E5 0.75 2 3.75 1.75 
EH4(2007)          
 E1 1.75 2.25 0.75 5.25 
 E2 5 9.25 15.75 5.25 
 E3 12.5 17.25 15 8 
 E4 4.5 7.75 7.75 5.25 
 E5 11 14.75 11.2 8.25 
EH4(2008)          
 E1 2 5 9.25 1.75 
 E2 1 2.25 8 3.5 
 E3 4 4 4.25 2.75 
 E4 0.75 2 3.75 2.25 
 E5 2.75 7.5 14.5 8.75 
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EH3(2007)          
 E1 12.00 16.33 5.67 6.67 
 E2 8.50 11.00 8.00 9.00 
 E3 10.00 11.25 7.75 8.25 
 E4 18.00 31.75 23.25 24.75 
 E5 14.67 15.67 8.67 13.00 
EH3(2008)          
 E1 0.33 0.67 2.67 1.33 
 E2 0.00 0.00 0.00 0.66 
 E3 0.00 0.00 0.00 0.00 
 E4 0.00 0.00 0.50 1.00 
 E5 0.67 1.00 1.67 0.00 
EH2(2007)          
 E1 15.75 21.25 13.25 12 
 E2 2.25 3.25 2 5.5 
 E3 6.25 7.5 1.25 7 
 E4 4 4 1 8 
 E5 1.25 1.5 0.5 5.5 
EH2(2008)          
 E1 3.75 6.25 9 3.5 
 E2 5 12.25 26 14.75 
 E3 3.5 7.5 12.75 5 
 E4 X X X X 
 E5 8.75 15.25 30.75 18 
EH1(2007)          
 E1 2 9.25 5 7.75 
 E2 0 1.75 1 4.5 
 E3 0.75 1 1 4.75 
 E4 0 1.66 1 4.33 
 E5 1 2.5 2.25 10.25 
      
EH1(2008)          
 E1 3.25 3.75 4.75 2.75 
 E2 6.25 6 6.25 2.25 
 E3 5.5 5.75 6.25 3.25 
 E4 3.33 3.66 3.66 3.33 
 E5 8 7.75 8.25 3.25 
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MIX5 
(2007)          
 C1 9.50 12.75 10.50 8.25 
 C2 15.50 21.50 17.33 17.00 
 C3 11.50 13.25 7.75 5.00 
 C4 10.75 17.25 13.25 9.00 
 C5 2.33 8.00 7.00 6.00 
 E6 22.00 21.00 6.25 3.75 
 E7 13.75 14.50 6.75 5.75 
 E8 15.25 17.00 3.75 2.50 
 E9 0.67 1.00 1.00 3.33 
 E10 2.00 2.50 1.75 2.25 
MIX5 
(2008)          
 C1 0.00 0.00 0.50 0.50 
 C2 1.50 2.00 2.33 2.33 
 C3 0.50 0.50 0.75 0.25 
 C4 0.25 0.00 2.25 2.00 
 C5 0.67 0.67 1.00 0.67 
 E6 0.00 0.00 0.00 2.25 
 E7 0.00 0.00 0.00 0.00 
 E8 0.25 0.25 0.25 0.25 
 E9 1.33 1.33 1.67 2.00 
 E10 2.00 1.75 1.00 1.00 
MIX4 
(2007)          
 C1 0.75 2 2.5 3.75 
 C2 7.75 10.75 9.25 10.75 
 C3 0.5 0 0 0 
 C4 3 4 2.25 2.25 
 C5 6.75 8.25 7.75 13.75 
 E6 8.25 8.5 7.75 7.75 
 E7 4.75 4.5 4.25 3 
 E8 3 4.25 5 4.5 
 E9 2.75 3.5 3 4.5 
 E10 1.5 1.75 2 4 
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MIX4 
(2008)          
 C1 8.25 11.5 22.5 2 
 C2 1.75 6 6.75 1.25 
 C3 0 0 0 0 
 C4 0 0 0.25 0 
 C5 0.5 0.75 3 1.5 
 E6 3 3.25 3.5 1 
 E7 4 4 4 3.25 
 E8 4.25 5.5 6 2.5 
 E9 0.75 2 3.33 6.33 
 E10 9.5 10.5 11.75 3 
MIX3 
(2007)          
 C1 4.75 5.5 5.25 11.25 
 C2 2 4 4.25 8.25 
 C3 3.25 3.75 3.75 10 
 C4 2.75 2.75 2.5 4.25 
 C5 8.5 9.5 8.75 13.75 
 E6 10.25 12.75 13.5 14.5 
 E7 15.25 15.5 14.5 9.75 
 E8 10 12 12.75 6 
 E9 3.25 4 3.5 3.25 
 E10 22.25 24.25 11.25 10.75 
MIX3 
(2008)          
 C1 0 0 1.25 0.5 
 C2 0.75 0 0.5 0.5 
 C3 1.75 1.25 2.75 0.75 
 C4 0 0 0 0 
 C5 0.25 0.5 2.25 0.5 
 E6 3 6.25 13.25 5.75 
 E7 0.25 0 0.5 1.25 
 E8 0 4.25 8 3.5 
 E9 2.25 2.5 4.25 3 
 E10 1.25 5.75 9.75 3.75 
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MIX2 
(2007)          
 C1 1.25 2 2 2.5 
 C2 8.5 7.5 4.5 5.5 
 C3 8 9.5 7.75 9 
 C4 0.75 2.75 3 4.5 
 C5 4.25 4.5 2 7.25 
 E6 3.5 7 8.25 6.5 
 E7 2 2.25 1.5 1.75 
 E8 6.25 8.25 4.5 4.75 
 E9 2 2.75 1.75 2 
 E10 10.25 11 6.25 7.75 
MIX2 
(2008)          
 C1 1 1.5 3.5 1.25 
 C2 1 1 1.25 1.5 
 C3 0.75 1.75 1.25 0.5 
 C4 1.75 1.75 2 1.25 
 C5 0.75 0.75 0.75 0.25 
 E6 9 5.5 10.75 1.25 
 E7 0 0 0 0 
 E8 0 1.25 4.5 2.25 
 E9 1.5 2.25 6.5 1.25 
 E10 3.5 4.25 4.75 2.75 
MIX1 
(2007)          
 C1 1.5 2.25 2.25 4.5 
 C2 7.25 10.75 12 15.25 
 C3 5.25 8.5 11.25 7.5 
 C4 4.75 7.25 9.75 12.25 
 C5 2.25 2.5 4.5 7 
 E6 1.5 9.75 11 10.5 
 E7 3 5.25 7.25 9.25 
 E8 8.5 11 13 19 
 E9 7 9.75 11.5 10.75 
 E10 7.25 9.25 12.75 9.25 
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MIX1 
(2008)          
 C1 0 0 0 0 
 C2 2.75 3.25 3 0.75 
 C3 2 1.5 3 0.75 
 C4 0.5 0.5 0 0.25 
 C5 1.5 1.75 0.5 0.75 
 E6 0 0 0.25 0 
 E7 0 0 0.25 0.25 
 E8 1 1.5 1 1.75 
 E9 1.75 2.25 2.25 1.25 
 E10 1 0.75 1.5 0.75 
CA1 
(2007)          
 C1 9.75 8 7.5 7.75 
 C2 0 0 0.25 0.25 
 C3 X X X X 
 C4 0 0 0 0 
 C5 3.75 3 2.75 2.75 
CA1 
(2008)          
 C1 1 2 2.25 X 
 C1 0 0.25 0.25 X 
 C3 X X X X 
 C4 0.33 1 0 X 












Light transmission (µol m-2 s-1) by tree and site from 2006-2008 
Note:  E=eastern hemlock, C=Carolina hemlock; Sites labeled EH represent eastern 

















(µol m-2 s-1) 
EH5 E1 4.75 4.74 7 
 E2 3.5 5.75 3 
 E3 3.25 10.5 24 
 E4 1.75 3.5 4 
 E5 1.5 5.5 5 
EH4 E1 8.5 11 12.5 
 E2 6.25 8.5 9 
 E3 7.5 10.75 27 
 E4 9.25 12.25 10 
 E5 9.5 23 25 
EH3 E1 20.5 10.75 13 
 E2 3.75 5.5 5 
 E3 8.75 11 14.5 
 E4 9 9.75 7.5 
 E5 15.25 11 14 
EH2 E1 4.25 6.75 24 
 E2 5.75 7 36 
 E3 8 15.75 9 
 E4 10 20.75  X 
 E5 7.25 9.5 22 
EH1 E1 23 10.75 30 
 E2 8.75 4.75 28 
 E3 13 8.25 12 
 E4 19 12.5 37 
 E5 17.5 10.25 30 
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MIX5 C1 4.75 2 24 
 C2 4.75 1 6 
 C3 6.5 1.75 5 
 C3 24.5 1 3 
 C5 15.75 3 4 
 E6 27.25 8.25 8 
 E7 9.5 1.75 6 
 E8 16.75 3 5 
 E9 7.5 0.75 10 
 E10 14.75 2.25 5 
MIX4 C1 5.25 35.25 25 
 C2 4.75 10 14.5 
 C3 6.25 7.25 16 
 C4 13.75 16 40.5 
 C5 8 18.5 13.5 
 E6 8.25 24.5 9 
 E7 9.5 8 9.25 
 E8 16.75 13.25 13.5 
 E9 18.75 17.66 11 
 E10 13 13 9 
MIX3 C1 4.5 5 12 
 C2 4 7 11.5 
 C3 2 3.75 3.5 
 C4 8.25 8.25 8 
 C5 3.5 4.75 7.5 
 E6 12.25 36.25 29.5 
 E7 7.75 7.5 9 
 E8 11.5 11.75 18 
 E9 11 13.75 15 
 E10 11.75 11.33 15 
     
     
     
     
     
     
     
     
     
 69 
MIX2 C1 29.5 21.25 20 
 C2 22.75 8.75 19.5 
 C3 26.75 8.75 14.5 
 C4 17.5 7.5 29 
 C5 11 8.5 13.5 
 E6 25.5 10.25 13 
 E7 47 23 38 
 E8 49.5 34.5 39 
 E9 8 2.33 10 
 E10 31.66 14 28 
MIX1 C1 8.25 13.75 16 
 C2 13.5 19.75 14 
 C3 15 15.75 22 
 C4 10.75 16.25 15 
 C5 18.6 11.5 4 
 E6 10 11.5 11 
 E7 9 8.25 29 
 E8 12.75 14 33 
 E9 10.5 10.25 19 


















%Mortality %Mortality %Mortality 
Tree #  Day 26 Day 51 Day 176 
1 65 78 90 
6 39 85 42 
8 64 43 18 
13 59 49 1 
14 65 88 100 








 Tree # Day 26 Day 51 Day 176 
2 65 95 100 
4 75 98 99 
5 46 91 100 
10 61 86 90 
11 100 100 100 








 Tree # Day 26 Day 51 Day 176 
15 36 20 95 
18 65 40 51 
19 57 57 83 
20 59 71 8 
23 99 97 99 
    
    
    
    
    
    
    









 Tree # Day 26 Day 51 Day 176 
16 61 100 100 
17 100 100 100 
21 73 100 97 
24 89 100 100 
25 100 100 100 








 Tree # Day 26 Day 51 Day 176 
7 11 70 18 
9 31 45 8 
12 91 73 60 
3 32 77 13 
























Insecticide recoveries by treatment, level, and month 
 
Date Level Treatment Sample Conc. µg/g 
May Low Dino/Pent 11A 0.5169 
May Low Dino/Pent 11B 0.4825 
May Low Dino/Pent 10A 0.7747 
May Low Dino/Pent 10B 0.1518 
May Low Dino/Pent 5A 0.3640 
May Low Dino/Pent 5B 0.4304 
May Low Dino/Pent 2A 0.8974 
May Low Dino/Pent 2B 1.4697 
May Low Dino/Pent 4A 0.2543 
May Low Dino/Pent 4B 1.1833 
May High Dino/Pent 5A 1.4575 
May High Dino/Pent 5B 0.6259 
May High Dino/Pent 4A 1.5396 
May High Dino/Pent 4B 0.7852 
May High Dino/Pent 11A 0.7643 
May High Dino/Pent 11B 0.4463 
May High Dino/Pent 10A 0.4386 
May High Dino/Pent 10B 1.1798 
May High Dino/Pent 2A 1.3060 
May High Dino/Pent 2B 0.6565 
May Low Dino/soil 25A 0.3437 
May Low Dino/soil 25B 0.0920 
May Low Dino/soil 24A 0.2446 
May Low Dino/soil 24B 0.9939 
May Low Dino/soil 17A 0.4693 
May Low Dino/soil 17B 0.2727 
May Low Dino/soil 21B 0.3199 
May Low Dino/soil 21A 0.4581 
May Low Dino/soil 16A 2.1157 
May Low Dino/soil 16B 0 
May High Dino/soil 24A 0.2787 
May High Dino/soil 24B 0.3811 
May High Dino/soil 25A 0.2238 
May High Dino/soil 25B 0.6647 
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May High Dino/soil 21A 0.9133 
May High Dino/soil 21B 0.3169 
May High Dino/soil 16A 0 
May High Dino/soil 16B 2.7233 
May High Dino/soil 17A 0.4173 
May High Dino/soil 17B 0.3805 
May Low Imid/soil 15A 0 
May Low Imid/soil 15B 0 
May Low Imid/soil 20A 0.1271 
May Low Imid/soil 20B 0.0714 
May Low Imid/soil 23A 0 
May Low Imid/soil 23B 0 
May Low Imid/soil 18A 0 
May Low Imid/soil 18B 0 
May Low Imid/soil 19A 0 
May Low Imid/soil 19B 0 
May High Imid/soil 18A 0 
May High Imid/soil 18B 0 
May High Imid/soil 19A 0 
May High Imid/soil 19B 0 
May High Imid/soil 20A 0 
May High Imid/soil 20B 0 
May High Imid/soil 15A 0 
May High Imid/soil 15B 0 
May High Imid/soil 23A 0 
May High Imid/soil 23B 0 
May Low Imid/Pent 14A 0 
May Low Imid/Pent 14B 0 
May Low Imid/Pent 13A 0 
May Low Imid/Pent 13B 0 
May Low Imid/Pent 6A 0 
May Low Imid/Pent 6B 0 
May Low Imid/Pent 1A 0 
May Low Imid/Pent 1B 0 
May Low Imid/Pent 8A 0 
May Low Imid/Pent 8B 0 
May High Imid/Pent 14A 0 
May High Imid/Pent 14B 0 
May High Imid/Pent 1A 0 
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May High Imid/Pent 1B 0 
May High Imid/Pent 13A 0 
May High Imid/Pent 13B 0 
May High Imid/Pent 6A 0 
May High Imid/Pent 6B 0 
May High Imid/Pent 8A 0 
May High Imid/Pent 8B 0 
December Low Imid/soil 20A 7.6902 
December Low Imid/soil 20B 8.4343 
December High Imid/soil 20A 0 
December High Imid/soil 20B 0 
December Low Imid/soil 23A 0 
December Low Imid/soil 23B 0 
December High Imid/soil 23A 0 
December High Imid/soil 23B 0 
December Low Imid/soil 19A 0.8165 
December Low Imid/soil 19B 0.5983 
December High Imid/soil 19A 0.6162 
December High Imid/soil 19B 0 
December Low Imid/soil 15A 1.9468 
December Low Imid/soil 15B 3.3825 
December Low Imid/soil 18A 0 
December Low Imid/soil 18B 0 
December Low Imid/Pent 8A 0 
December Low Imid/Pent 8B 0 
December High Imid/Pent 8A 0 
December High Imid/Pent 8B 0 
December Low Imid/Pent 14A 2.6743 
December Low Imid/Pent 14B 2.6162 
December High Imid/Pent 14A 0 
December High Imid/Pent 14B 0 
December Low Imid/Pent 13A 8.0935 
December Low Imid/Pent 13B 9.7977 
December High Imid/Pent 13A 0 
December High Imid/Pent 13B 0 
December Low Imid/Pent 6A 0 
December Low Imid/Pent 6B 0 
December Low Imid/Pent 1A 0 
December Low Imid/Pent 1B 0.7079 
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December Low Dino/soil 25A 0 
December Low Dino/soil 25B 0 
December High Dino/soil 25A 0 
December High Dino/soil 25B 0 
December Low Dino/soil 21A 0 
December Low Dino/soil 21B 0 
December High Dino/soil 21A 0 
December High Dino/soil 21B 0 
December Low Dino/soil 17A 0 
December Low Dino/soil 17B 0 
December High Dino/soil 17A 0 
December High Dino/soil 17B 0 
December Low Dino/soil 24A 0 
December Low Dino/soil 24B 0 
December Low Dino/soil 16A 0 
December Low Dino/soil 16B 0 
December Low Dino/Pent 5A 0.5240 
December Low Dino/Pent 5B 0 
December High Dino/Pent 5A 0 
December High Dino/Pent 5B 0 
December Low Dino/Pent 4A 0.6030 
December Low Dino/Pent 4B 2.0441 
December High Dino/Pent 4A 0 
December High Dino/Pent 4B 0 
December Low Dino/Pent 10A 0 
December Low Dino/Pent 10B 0 
December High Dino/Pent 10A 0 
December High Dino/Pent 10B 0 
December Low Dino/Pent 2A 0 
December Low Dino/Pent 2B 0 
December Low Dino/Pent 11A 0 
December Low Dino/Pent 11B 0 
November Low Imid/Pent 14A 2.1085 
November Low Imid/Pent 14B 0.5399 
November Low Imid/Pent 13A 3.5252 
November Low Imid/Pent 13B 0.6528 
November Low Imid/Pent 6A 0.8305 
November Low Imid/Pent 6B 0 
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November Low Imid/Pent 8A 0 
November Low Imid/Pent 8B 0 
November Low Imid/Pent 1A 0 
November Low Imid/Pent 1B 0 
November Low Dino/Pent 2A 0 
November Low Dino/Pent 2B 0 
November Low Dino/Pent 4A 0 
November Low Dino/Pent 4B 0 
November Low Dino/Pent 11A 0 
November Low Dino/Pent 11B 0 
November Low Dino/Pent 5A 0 
November Low Dino/Pent 5B 0 
November Low Dino/Pent 10A 0 
November Low Dino/Pent 10B 0 
November Low Imid/soil 15A 2.0974 
November Low Imid/soil 15B 0.4436 
November Low Imid/soil 23A 0.3960 
November Low Imid/soil 23B 0.4428 
November Low Imid/soil 18A 1.4796 
November Low Imid/soil 18B 7.6730 
November Low Imid/soil 19A 0.1518 
November Low Imid/soil 19B 1.8797 
November Low Imid/soil 20A 3.2950 
November Low Imid/soil 20B 2.3411 
November Low Dino/soil 21A 0 
November Low Dino/soil 21B 0 
November Low Dino/soil 24A 0 
November Low Dino/soil 24B 0 
November Low Dino/soil 16A 0 
November Low Dino/soil 16B 0 
November Low Dino/soil 17A 0 
November Low Dino/soil 17B 0 
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